Lactic acid, an attractive, renewable chemical for production of biobased plastics (polylactic acid, PLA), is currently commercially produced from food-based sources of sugar. Pure optical isomers of lactate needed for PLA are typically produced by microbial fermentation of sugars at temperatures below 40°C. Bacillus coagulans produces L(+)-lactate as a primary fermentation product and grows optimally at 50°C and pH 5, conditions that are optimal for activity of commercial fungal cellulases. This strain was engineered to produce D(−)-lactate by deleting the native ldh (L-lactate dehydrogenase) and alsS (acetolactate synthase) genes to impede anaerobic growth, followed by growth-based selection to isolate suppressor mutants that restored growth. One of these, strain QZ19, produced about 90 g L −1 of optically pure D(−)-lactic acid from glucose in <48 h. The new source of D-lactate dehydrogenase (D-LDH) activity was identified as a mutated form of glycerol dehydrogenase (GlyDH; D121N and F245S) that was produced at high levels as a result of a third mutation (insertion sequence). Although the native GlyDH had no detectable activity with pyruvate, the mutated GlyDH had a D-LDH specific activity of 0.8 μmoles min −1 ðmg proteinÞ −1 . By using QZ19 for simultaneous saccharification and fermentation of cellulose to D-lactate (50°C and pH 5.0), the cellulase usage could be reduced to 1∕3 that required for equivalent fermentations by mesophilic lactic acid bacteria. Together, the native B. coagulans and the QZ19 derivative can be used to produce either L(+) or D(−) optical isomers of lactic acid (respectively) at high titers and yields from nonfood carbohydrates.
etroleum serves as the primary source of automotive fuel and as the dominating feedstock for organic chemicals and plastics. The finite nature of the petroleum reserves and the negative environmental impact of petroleum use have shifted attention towards alternatives from renewable feedstocks (1) (2) (3) (4) . Fermentation of carbohydrates has been shown to produce short chain hydroxy acids as well as other chemicals that can be polymerized into plastics and replace petroleum (5) . Commercial production of lactic acid using pure bacterial cultures started as early as 1895 (6) and current annual production is >300;000 metric tons. Although lactic acid is primarily used by food and pharmaceutical industries, its application in production of polylactic acid biopolymers (PLA) is expected to exceed other uses provided the cost of PLA production can be lowered (7, 8) .
Lactic acid is condensed into lactide dimers, purified, and polymerized into a thermoplastic (7, 9) . Blending D(−)-and L(+)-lactic acid polymers provides substantial control on the physical and thermochemical properties, and the rate of biodegradation (9) . Although lactic acid can be synthesized from petroleum, chemical synthesis produces a mixture of isomers that are not suitable for PLA. Optically pure lactic acid required for PLA synthesis can be readily produced by microbial fermentation (8) . L(+)-lactic acid is produced commercially by lactic acid bacteria such as Lactobacillus, Lactococcus, etc., at high yield and titers from glucose and sucrose at temperatures between 30°C and 40°C (8, 10) . Derivatives of Escherichia coli are the only known commercial D(−)-lactic acid producers (11, 12) and these also operate optimally at 40°C or lower.
Alternative sources of fermentable sugars such as lignocellulosic biomass and improved microbial biocatalysts are needed to eliminate the use of food carbohydrates (glucose, sucrose) for lactic acid production (13) . With cellulose as a feedstock, however, commercial fungal cellulases represent a significant process cost. This cost could be reduced by the development of thermotolerant biocatalysts that effectively ferment under conditions that are optimal (pH 5.0, 50°C) for fungal cellulases (14, 15) .
Lactic acid biocatalysts used by industry also metabolize pentose sugars (from hemicellulose) by the phosphoketolase pathway, preventing efficient conversion of these sugars to lactic acid. Lactic acid produced from pentoses using this pathway is contaminated with an equimolar amount of acetic acid ( Fig. 1) (8, (16) (17) (18) . Attempts to improve the xylose fermentation properties of these lactic acid bacteria have met with limited success (18, 19) . Although all the pentoses in hemicellulose are efficiently fermented by the E. coli derivatives to D(−)-or L(+)-lactic acid through the pentose-phosphate pathway, the temperature and pH tolerances of this microbial biocatalyst are insufficient to permit cellulosic fermentations at the conditions that are optimal (50°C and pH 5.0) for commercial cellulases (20) .
Bacillus coagulans has many desirable properties for the fermentation of lignocellulosic sugars into lactic acid. This bacterium ferments both hexoses and pentoses to L(+)-lactic acid using the highly efficient pentose-phosphate pathway ( Fig. 1 ) at 50-55°C and pH 5.0, conditions that are optimal for commercial fungal cellulases (15, 17, 21) . Native strains produce optically pure L(+)-lactic acid at concentrations as high as 180 g L −1 in fed-batch fermentations from either glucose or xylose, and perform well during simultaneous saccharification and fermentation (SSF) of cellulose using fungal cellulases (21, 22) . This match in optima both for the fermentation of B. coagulans and for fungal cellulase activity allowed a fourfold reduction in cellulase usage in comparison to SSF with mesophilic bacterial biocatalysts (21) . B. coagulans also grows and ferments sugars in mineral salts medium with inexpensive corn steep liquor (0.25%, wt∕vol) supplementation in contrast to lactic acid bacteria that require complex nutrients (8, 15, 18) . Although B. coagulans has excellent potential as a biocatalyst for the conversion of cellulose to optically pure L(+)-lactic acid, an equivalent microbe for production of D(−)-isomer of lactic acid has not been previously described.
In this communication, a general method for genetic engineering of B. coagulans is described because genetic recalcitrance is a major limiting factor in the use of this bacterium at industrial level. A derivative of B. coagulans strain P4-102B obtained after mutagenesis and adaptive evolution was found to use a mutated form of glycerol dehydrogenase to produce D(−)-lactic acid. With this strain (QZ19), over 1 M D(−)-lactic acid can be produced in less than 48 h at 50°C and pH 5.0.
Results and Discussion
Lactate Dehydrogenase Genes in B. coagulans. B. coagulans strain P4-102B typically produces L-lactate with low (15, 17) or undetectable level of the D-isomer (Table 1) . Using the annotated genome sequence of a related B. coagulans strain 36D1 (GenBank Accession number, CP003056) as a guide, homologous genes encoding both L-lactate dehydrogenase (ldh) and D-lactate dehydrogenase (ldhA) activities in strain P4-102B were amplified by PCR and confirmed by sequencing. The gene encoding D-lactate dehydrogenase in strain P4-102B was also identified by its ability to suppress anaerobic growth defect of an E. coli mutant (ldhA, pflB) followed by sequencing the corresponding cloned ldhA gene. With appropriate deletions to block competing pathways (Fig. 1) , this organism has the potential to produce either D(−)-lactate or L(+)-lactate using only native genes.
Deletion of Native L-(+)-Lactate Dehydrogenase (ldh) and Acetolactate Synthase (alsS) Genes. B. coagulans strain P4-102B produced L-lactic acid as the primary fermentation product at pH 5.0 (Table 1 ; Fig. S1 ) together with small amounts of acetate and ethanol. Deletion of the ldh gene encoding L(+)-lactate dehydrogenase (L-LDH) (strain QZ4) using methods developed for B. coagulans (SI Text) eliminated the primary route for NADH oxidation, slowing growth and sugar metabolism. However, production of 2,3-butanediol was increased dramatically with only a small increase in D(−)-lactate (Table 1 ; Fig. S1 ). At pH 7.0, the primary product of fermentation was ethanol as seen previously with an ldh mutant of a related strain 36D1 (23) .
Strain QZ4 was further modified by deleting acetolactate synthase (alsS), essential for 2,3-butanediol production (Fig. 1) . The resulting strain (QZ5) metabolized glucose rapidly at pH 7.0 with ethanol, acetate, and formate as primary products (Table 1) . In this strain and at this pH, pyruvate flux to D-lactate was only about 5% of the total. However, strain QZ5 did not grow anaerobically when cultured at pH 5.0 in the same medium. Fermentation profiles of strain QZ5 at pH 5.0 were determined by starting cultures with air in the gas phase to support growth. Depletion of O 2 in the medium, due to increasing cell density, initiated and maintained anaerobic metabolism of the bacterium. The specific rate of glucose consumption by strain QZ5 at pH 5 All fermentations were in LB medium with glucose and the reported values were after 72 h, unless indicated otherwise. Cell yield is expressed in OD420 nm. *Qs, rate of glucose consumption-mmoles glucose consumed L −1 h −1 † Product yield is presented as a fraction of theoretical yield from glucose (for lactate, the theoretical yield is two per glucose). ‡ Strain QZ4 also produced acetoin and 2,3-butanediol; pH 5.0 culture, 44.5 mM 2,3-butanediol; pH 7.0 culture, 31.6 mM acetoin, and 93.1 mM 2,3-butanediol. These two products were not detected in the broths from other cultures. § Evolved, various stages in evolution (Fig. S2) . ¶ Due to the presence of CaCO 3 in the medium, the cell density of these cultures was not determined. ∥ Fermentation pH was maintained by addition of CaðOHÞ 2 and cell density was not determined due to the presence of Ca-salts. UD-undetectable, less than 0.5 mM; Succ, succinate.
during the O 2 -limited phase (0.9 mmoles h −1 g cells −1 ) was about 15% of the pH 7.0 culture (5.9 mmoles h −1 g cells −1 ) under similar condition. The sixfold lower specific glucose consumption rate and formate titer (Table 1) suggest that pyruvate formate-lyase (PFL) activity is limiting anaerobic growth of strain QZ5 at pH 5.0. Strain QZ5 also had higher D-LDH activity and a corresponding increase in ldhA mRNA as compared to strain QZ4 (Table 2) . However, the D(−)-lactate titer was only about 10 mM in the QZ5 broth irrespective of the culture pH with yields of <0.15 lactate per glucose metabolized (theoretical yield of 2 per glucose).
Because the double mutant produced significant amounts of formate and other products of PFL activity, a triple mutant lacking PFL was constructed. However, this triple mutant lacking L-LDH, ALS, and PFL activities failed to grow anaerobically under all conditions tested and was not investigated further.
Growth-Based Selection Increased D(−)-Lactate Production. Sugar metabolism, ATP production, and anaerobic growth are apparently constrained in strain QZ5, especially at pH 5.0, by inadequate routes for NADH oxidation (Table 1 ; Fig. 1 ). Increasing the level of D(−)-lactate produced by strain QZ5 is expected to restore anaerobic growth of the double mutant to a level similar to that of the parent during L(+)-lactate production. Growthbased metabolic evolution is a powerful tool for selection of advantageous mutations (24) but this requires design of appropriate selection. Because strain QZ5 produced low level of PFL activity at pH 5.0, as determined by the relative concentration of formate in the broth (Table 1) , metabolic evolution of this strain for anaerobic growth at this pH offers a route to coselect increased production of D-lactate.
Metabolic evolution of strain QZ5 at pH 5.0 for higher cell yield in LB + glucose fermentation yielded a derivative with improved growth after 113 d of selection. Cell yield of this strain (QZ13) was higher than the wild type, with a 20-fold increase in D-(-)-lactate production (Table 1 ; Fig. S2 ). To further increase the D-lactate yield and titer, strain QZ13 was further evolved at pH 7.0 in LB + glucose fermentations with CaCO 3 . Addition of CaCO 3 to the medium was previously shown to overcome lactate inhibition of B. coagulans fermentation and permit titers approaching 2 M in fed-batch fermentations (22) . Because solid CaCO 3 buffered the medium better at pH 7.0 than at pH 5.0, further metabolic evolutions were at this higher pH. After 42 d of selection, strain QZ14 was isolated and tested. With strain QZ14, D(−)-lactate represented over 90% of the total fermentation products with a yield of 88% of the fermented glucose (Table 1) .
Strain QZ15 was isolated after an additional 60 d of serial transfers at pH 7.0 with increasing glucose concentrations ( Fig. S2 and S3 ). The D(−)-lactic acid titer of strain QZ15 at pH 7.0 was close to 1 M in 72 h (Table 1) . Continued metabolic evolution of strain QZ15 using 100 g L −1 (0.56 M) glucose led to further increase in glucose flux to lactic acid. Strain QZ19 was isolated after 63 d of transfer (Fig. S3) and this strain produced about 1.0 M D(−)-lactate in less than 48 h at pH 7.0 ( Table 1) . Fermentation of glucose by strain QZ19 at pH 5.0 started after a short lag with a titer of 1.1 M lactate in 72 h (Fig. 2) . Formate was not detected in the fermentation broth of strains QZ15 and QZ19 producing high levels of lactate. Formate is an indicator of PFL activity because these strains lack formate hydrogen-lyase activity. The small amount of ethanol and acetate (<5% of glucose carbon) produced by strain QZ19 is probably derived from acetyl-CoA produced by pyruvate dehydrogenase complex (25) .
These results show that deletion of the ldh and alsS genes combined with metabolic evolution led to alteration of the primary fermentation product of B. coagulans from L(+)-lactate to D(−)-lactate. Although the pfl genes are still present and transcribed in strain QZ19 at levels that are comparable to that of strain QZ4 (about 1.2 ng mL −1 of total RNA), glucose flux through PFL was minimal as seen by the absence of formate in the fermentation broth. This redirection of glucose carbon is apparently a consequence of increasing metabolic flux to D-lactate that supplanted any pyruvate flux through PFL to acetyl-CoA during growthbased selection (Table 1) .
Fermentation Characteristics of D-Lactate Producing Strain QZ19.
Strain QZ19 produced close to 2M D-lactate in a fed-batch fermentation of glucose at pH 5.0 (Fig. S4 ). In such a fed-batch fermentation, the first 100 g L −1 (0.56 M) of glucose was fermented in about 50 h and fermentation of the second 100 g L −1 (0.56 M) of glucose required an additional 72 h, although the rate of lactate production was linear during this phase. Strain QZ19 also fermented xylose to D-lactic acid after a short lag. Approximately Table 2 80 g L −1 (0.53 M) of xylose was converted to D(−)-lactate in 72 h at 90% yield by weight (Fig. S5) .
Simultaneous Saccharification and Fermentation (SSF) of Cellulose
to D-Lactic Acid by Strain QZ19. One of the advantages of using B. coagulans as a microbial biocatalyst for lactic acid production is to lower the cellulase enzyme loading in SSF of cellulose to lactic acid due to its higher operating temperature and lower pH that match the optimum for commercial cellulase activity (50°C and pH 5.0) (14, 15) . Strain QZ19 reached the highest volumetric productivity for D-lactate with crystalline cellulose as feedstock at about 7.5 FPU ðg celluloseÞ −1 (Fig. S6 ) With this enzyme loading, the productivity of a typical lactic acid bacterium Lactococcus lactis at 40°C was only 1∕3 that of strain QZ19. These results are in agreement with previous studies on lower cellulase requirements for optimal L-lactate production by unmodified B. coagulans compared to other lactic acid bacteria (21) . Strain QZ19 is better suited for SSF of cellulose to D-lactate and requires significantly lower level of cellulase for cost-effective metabolism of this nonfood carbohydrate.
Identification of Glycerol Dehydrogenase as the Source of D(−)-LDH
Activity in Strain QZ19. Cell-free extracts of strain QZ19 had D (−)-lactate dehydrogenase activity (0.2 unit per mg protein) while the wild type B. coagulans had no detectable D-LDH activity (Table 2 ). An observed 30-fold increase in D-LDH activity in strain QZ19 compared to strain QZ5 did not correlate with the 1.3-fold increase in the mRNA of ldhA gene identified as encoding D-LDH. To identify potential mutation(s) in the D-LDH protein that could be responsible for the unusually high D-lactate dehydrogenase activity, the ldhA and flanking DNA from strains P4-102B and QZ19 were sequenced. However, both sequences were identical indicating that ldhA encoded D-LDH is not responsible for the large increase in D(−)-lactate production in strain QZ19. Only a single copy of ldhA was also found in the chromosome of strains QZ19 and P4-102B eliminating gene duplication as a potential basis for D(−)-lactate production. This conclusion was further supported by comparable ldhA mRNA levels of strain QZ19 and its preevolution parent, strain QZ5 (Table 2 ). Higher level of ldhA mRNA in these strains compared to the wild type could be responsible for the small amount of D (−)-lactate produced by strain QZ5 and other evolved strains, but does not explain the high D-lactate titer and yield observed with strain QZ19. The highest level of ldhA mRNA (D-LDH) in strain QZ19 was only about 10% of the level of ldh mRNA encoding L(+)-LDH, the primary fermentation route in the parent ( Fig. 1; Table 2 ). These results suggest that another enzyme with D-LDH activity is present in strain QZ19 contributing to high D-lactate titer.
Cell-free extracts from strain QZ13 through QZ19 contained an abundant protein (apparent molecular mass of 37 KDa) that was absent in the wild type strain P4-102B and in the preevolution strain QZ5 (Fig. 3) . This protein was calculated to represent 11% of the total proteins in the extract of these strains. A protein with D-LDH activity was purified from strain QZ19. The size of this purified protein, 37 KDa, was comparable to the additional protein found in the evolved strains. After trypsin digestion of the protein with D-LDH activity, the fragments were identified after separation by liquid chromatography and analysis by tandem mass spectrometry. Of the 22 peptides generated, 9 were identical to predicted tryptic peptides from a protein in B. coagulans strain 36D1 genome (Bcoa_1919; Accession number AEP01106.1) that was identified as glycerol dehydrogenase (gldA) by comparative sequence analysis (26) (Fig. S7) . Based on the gldA gene sequence of B. coagulans strain 36D1, the gldA gene of strains P4-102B and QZ19 was amplified, cloned, and sequenced. The gldA gene from strain QZ19 had two mutations compared to the native gene: G361A and T734C ("A" in ATG as +1). These two mutations led to amino acid changes, D121N and F245S and the allele is designated as gldA101 and the protein as GlyDH*. In addition to these two mutations in the coding region, a 1,821 bp DNA fragment was found to be inserted upstream of −62 ("A" in ATG as +1) of the gldA gene in QZ19 (Fig. 4) . Two ORFs were identified within this insert (103 and 232 amino acids in length), both with similarity to a putative transposase (ISLhe15) from Lactobacillus helveticus strain H10 (25% identity and 48% similarity) (27) .
The purified protein from strain QZ19 corresponding to the 37 KDa protein in the SDS-PAGE gel had both glycerol oxidation and pyruvate reduction activities. The GDH activity (glycerol oxidation to dihydroxyacetone) was 1.2 units (μmole min −1 ) per mg protein and the pyruvate reduction to D-lactate activity was 0.8 unit per mg protein. The native enzyme purified from recombinant E. coli had a GlyDH activity of 7.1 units and an LDH activity of 0.01 unit per mg protein. These results suggest that a GlyDH in the B. coagulans genome acquired D-LDH activity through two mutations during the metabolic evolution of strain QZ19. High level of expression of this protein apparently resulted from the upstream transposon insertion.
GlyDH* from Strain QZ19 Produced D-LDH Activity in E. coli. To confirm that the gldA101 allele in strain QZ19 encodes D-LDH activity, the gene was cloned from strain QZ19 (plasmid pQZ115) and introduced into E. coli strain AH242. E. coli strain AH242 is anaerobic minus due to mutations in ldhA and pflB that abolished the ability to oxidize NADH produced during glycolysis (25) . Anaerobic growth of strain AH242 was restored by plasmid pQZ115 with D(−)-lactate as the fermentation product. Strain AH242 carrying plasmid pQZ109 that lacks the C-terminal 10 amino acids of the GlyDH* did not grow anaerobically indicating that the truncated form of this protein lacks D-LDH activity. These results establish that GlyDH* from B. coagulans strain QZ19 has D(−)-LDH activity.
To further confirm that the gldA101 from strain QZ19 encodes a protein with D-LDH activity, the gene was cloned from strain QZ19 (plasmid pQZ113) and expressed in recombinant E. coli with N-terminal His-tag for protein purification. The recombinant GlyDH* also had both GlyDH and D-LDH activities. The specific activity of the enzyme with glycerol and NAD þ was 0.68 unit per mg protein. With pyruvate and NADH as substrates (LDH reaction), the specific activity of the protein was an unexpectedly high 6.9 units per mg protein and the reaction product was identified as D-lactic acid by HPLC. In the reverse reaction, the enzyme was active only with D(−)-lactate and NAD þ as substrates (specific activity of 0.17 unit per mg protein). Activity with L(+)-lactate as substrate was undetectable.
These results show that during metabolic evolution of strain QZ5, the native GlyDH acquired D-LDH activity. Native GlyDH from B. stearothermophilus has been reported to lack LDH activity (28) and in agreement with this, the LDH activity of B. coagulans native GlyDH purified from recombinant E. coli had less than 0.15% of the GlyDH activity.
Boosting gldA Transcription by Insertion of DNA in the D-Lactate Producing Strains. In addition to evolution of the enzyme as D-LDH, the level of expression of gldA101 in strain QZ19 was the highest of the genes analyzed in this study (Table 2 ). This increase in transcription is apparently due to the 1,821 bp DNA insertion upstream of the gldA101 gene contributing a strong promoter for gldA101 expression in the evolved strain (Fig. 4) .
Although consensus sequences corresponding to Shine-Dalgarno (GGAG) and −10 region (TATGAT) can be identified in the upstream DNA of gldA gene of the wild type, a corresponding −35 region could not be discerned. An inverted repeat with a 6 base pairs stem and 11 bases loop was found at the projected −35 region suggesting that expression of this gene is only moderate, at best, in the native bacterium. Insertion of the 1,821 bp sequence in the upstream region of gldA gene in strain QZ19 introduced a consensus −35 sequence to the gldA (Fig. 4) . The high level of expression of the gldA gene and GDH* protein in strain QZ19 (Table 2) is apparently due to this reconstruction of the gldA upstream region in strain QZ13 and its derivatives yielding a strong promoter.
Evolutionary Path to D-Lactate Production in Strain QZ19. There are apparently three seminal events that occurred in the evolutionary path of B. coagulans strain QZ5 to strain QZ19 that produced over 90 g of D-lactate in about 48 h; two mutations in the GlyDH (D121N and F245S) and change in the promoter structure of gldA101 by insertion. DNA sequence analysis of the various intermediate strains in the evolutionary path revealed that the transposon DNA insertion occurred first in strain QZ13. This proposed promoter alteration due to transposition is in agreement with the elevated level of gldA mRNA and GlyDH activity in strain QZ13 (about 100-fold and 50-fold, respectively, over the levels of strain QZ5) and other derivatives of this strain ( Table 2 ). The higher GlyDH activity in strain QZ13 led to a slight increase in D-LDH activity also. However, the ratio of D-LDH to GlyDH activity in this strain was only 0.003 suggesting that the GlyDH still lacks significant D-LDH activity. The first GlyDH mutation (F245S) was detected in strain QZ15 after the increase in transcription of gldA and this mutation apparently increased D-LDH/ GlyDH ratio by about sevenfold to 0.02 ( Table 2 ). The second mutation (D121N) occurred during the evolution of strain QZ19 from strain QZ15 and this second mutation increased the D-LDH/GlyDH ratio by about 10-fold to 0.22. It is interesting to note that with the increase in D-LDH activity, the enzyme lost part of its GlyDH activity. A 10-fold increase in D-LDH activity of the enzyme due to the two mutations (QZ19 vs QZ14) in strain QZ19 lowered the GlyDH activity by about sevenfold from that of strain QZ14 (Table 2 ). This loss in GlyDH activity in the extracts of strain QZ19 is apparently not due to lower protein level in the cell since this protein band still accounted for about 11% of the total proteins (Fig. 3) .
The mutations in the GlyDH of strain QZ19 occurred in two of nine critical amino acids forming a deep pocket where the nicotinamide ring of NAD þ binds in the enzyme from B. stearothermophilus (29) . A model of the GlyDH of B. coagulans also shows the deep cleft between the two domains of the enzyme with the mutated amino acids in the edge (Fig. S8) . Glycerol C1 and C3 are reported to be stabilized in the B. stearothermophilus GlyDH by van der Walls interactions with the benzyl ring of Phe247. Changing the corresponding Phe245 of B. coagulans GlyDH to serine is expected to abolish this interaction resulting in the observed reduction in glycerol oxidation activity of the enzyme from strain QZ19. The Asp121 and Ser245 probably stabilize pyruvate at the active site through their interactions with C1 and C2 of pyruvate (Fig. S8) resulting in the observed LDH activity.
These results show that an increase in the expression level of gldA and acquisition of D-LDH activity by the GlyDH through two mutations are responsible for the increase in D-lactate titer of B. coagulans strain QZ19 fermentations (Table 1) .
Conclusion
Using a method developed for the genetically recalcitrant B. coagulans, the ldh and alsS genes were deleted. These two mutations reduced anaerobic growth and sugar metabolism by B. coagulans at pH 5.0. Although a gene encoding D-LDH (ldhA) is present in the chromosome, metabolic evolution of the ldh, alsS double mutant recruited glycerol dehydrogenase (GlyDH; gldA) to restore sugar fermentation with the production of D(−)-lactate as the fermentation product at a yield and titer equivalent to L(+)-lactate with the parent. This shift in lactic acid isomer produced by the mutant from either glucose or xylose is due to mutational evolution of glycerol dehydrogenase to catalyze reduction of pyruvate to D(−)-lactate plus a strong promoter from an upstream insertion sequence. SSF of crystalline cellulose to D-lactate required only about 1∕3 of the commercial cellulases needed to achieve highest volumetric productivity compared to mesophilic lactic acid bacteria. This change in the primary fermentation product from L-lactic acid to D-lactic acid in the thermotolerant bacterium was accomplished using only the native genes. The availability of thermotolerant B. coagulans strains for production of optically pure D(−)-or L(+)-lactic acid at 50-55°C and pH 5.0 using cellulose as a feedstock can be expected to reduce the cost of lactic acid production for biopolymers.
Materials and Methods
Bacterial Strains and Plasmids. Bacterial strains, plasmids, and primers used in this study are listed in Table S1 . B. coagulans strain P4-102B used as the wild type strain was described previously (17) . Plasmid pGK12 replicates in several Gram-positive bacteria and E. coli (30, 31) and its replication is naturally restricted to temperatures ≤42°C. This temperature sensitive nature of plasmid pGK12 replication at 50°C provides an opportunity to select for chromosomal DNA integrants of B. coagulans that can grow at 50-55°C.
Medium and Growth Condition. Growth and fermentation conditions have been described previously (15, (21) (22) (23) . Cultures were grown in L-broth (LB) at pH 5.0 or 7.0, as needed. Sterile glucose was added before inoculation.
Gene Deletions in B. coagulans. Construction of deletion mutants of B. coagulans was based on previously described methods (32) and are described in detail in SI Text. Plasmid pGK12 was used as the primary vehicle for transfer of DNA to B. coagulans for deletion construction. Presence of plasmid in each cell in a population (10 9 CFU mL −1 ) at 37°C helps to overcome the low transformation efficiency of plasmid DNA into this bacterium and chromosomal integrants in the population were readily identified when the plasmid was eliminated by growth at 50-55°C.
